Effective comparative mapping inference utilizing developing gene maps of animal species requires the inclusion of anchored reference loci that are homologous to genes mapped in the more ''gene-dense'' mouse and human maps. Nominated anchor loci, termed comparative anchor tagged sequences (CATS), have been ordered in the mouse linkage map, but due to the dearth of common polymorphisms among human coding genes have not been well represented in human linkage maps. We present here an ordered framework map of 314 comparative anchor markers in humans based on mapping analysis in the Genebridge 4 panel of radiation hybrid cell lines, plus empirically optimized CATS PCR primers which detect these markers. The ordering of these homologous gene markers in human and mouse maps provides a framework for comparative gene mapping of representative mammalian species.
Effective comparative mapping inference utilizing developing gene maps of animal species requires the inclusion of anchored reference loci that are homologous to genes mapped in the more ''gene-dense'' mouse and human maps. Nominated anchor loci, termed comparative anchor tagged sequences (CATS), have been ordered in the mouse linkage map, but due to the dearth of common polymorphisms among human coding genes have not been well represented in human linkage maps. We present here an ordered framework map of 314 comparative anchor markers in humans based on mapping analysis in the Genebridge 4 panel of radiation hybrid cell lines, plus empirically optimized CATS PCR primers which detect these markers. The ordering of these homologous gene markers in human and mouse maps provides a framework for comparative gene mapping of representative mammalian species.
The increasing gene and polymorphic marker density of human and mouse genetic maps provide a powerful tool for assessing the function and organization of the human genome. In addition, recently developing gene maps in several domestic animal species [cat (O'Brien et al. 1997) , dog Mellersh et al. 1997) , cow (Riggs et al. 1997) , pig (Andersson 1997; Archibald et al. 1995) , sheep (de Gortari et al. 1998) , goat , horse ( Bailey et al. 1995) , and deer ( Tate et al. 1995) ] have raised the prospect of interpreting hereditary diseases, behaviors, agriculturally important characters, and other remarkable phenotypes in a comparative genomic context. Our knowledge of widespread conserved synteny (whereby homologous gene linkages are conserved between mammalian orders) predicts that genetic information from one species would be relevant to homologous gene action and organization in another Nadeau et al. 1995; O'Brien et al. 1995 O'Brien et al. , 1997 . To connect the new gene maps of domestic animals to the more ''gene-dense'' maps of human and mouse requires the physical ordering of the same homologous comparative anchor reference markers in each species. A group of 318 such markers, comparative anchor tagged sequences (CATS), were proposed and modified to universal PCR primer format so that selected gene homologues equivalently spaced throughout the human and mouse genomes could be amplified, sequenced, and mapped in any mammal O'Brien et al. 1993) .
The CATS marker homologues have been ordered in mice Davisson et al. 1998; Seldin) with only 12 exceptions (IL8, ADH2, C9, GZMK, GSTA2, KRAS1P, PFKM, ALDH2, ASPA, CSH1, ADRA1A, and SAP18) , either through linkage mapping in interspecies backcrosses or using DNA variants between inbred strains Davisson et al., in press; Mouse Genome Informatics; Seldin) . The human homologues, however, were largely mapped cytogenetically by FISH technologies, which have less precision for ordering of adjacent markers than does linkage analysis (Genome Database). Due to a paucity of human DNA polymorphisms described for coding genes, only a small number are included in ordered linkage maps derived from the CEPH collaboration. For this reason comparative analyses using gene orders between human and any species, including mouse, is equivocal since the human order is ambiguous due to overlapping cytogenetic assignments of adjacent loci.
A recent international consortium has constructed an integrated human map of sequence tagged sites (STS) ordered on to radiation hybrid (RH) panels, a yeast artificial chromosome library, and a genetic Figure 1. (a) Primary analysis of primers. PCR was performed as described in Methods using the conditions listed in Table 2 and using human DNA, hamster DNA, or a mixture of these DNAs. The name of the CATS gene corresponding to the primers is indicated at the top or bottom. For each gene, eight lanes are shown. For each gene the lanes from left to right are 1-2, human DNA; 3-4, Chinese hamster DNA; 5-6, human/Chinese hamster DNA mix (1:4 w/w); 7-8, no DNA. (b) Representative typing data of RH panel using EV12A gene primers. PCR and agarose-gel electrophoresis was performed as in Methods. Ninety-three lanes were panel DNA (in top, 1-48 from right to left; in bottom, 49-93 from right to left). Lanes 94-96 were controls of human DNA ( HFL), Chinese hamster DNA (A23), and no DNA, respectively. The DNA standard molecular weight ( left) was a 100 bp DNA ladder (GIBCO BRL).
linkage map ( Bellanne-Chantelot et al. 1992; Dib et al. 1996; Gyapay et al. 1996; Hudson et al. 1995; NCBI Gene Map; Schuler et al. 1996; Stewart et al. 1997) . The map, which had a resolution of 200 kb, represents a high-resolution map of more than 16,000 markers. Of these more than 130 CATS are not represented or are represented in an unsatisfactory manner. To complete the human map with CATS we used the Genebridge 4 radiation hybrid panel to define the physical position of an additional 120 CATS markers, employing PCR primers designed to be specific for the human versus the Chinese hamster (the other species from which the radiation hybrids were derived). A human map of 314 CATS markers, ordered with high statistical confidence, provides an anchored context for aligning the developing gene maps of mouse and other mammal species.
Materials and Methods

Primer Design
Primers were designed using Primer version 0.5 obtained from Whitehead Institute using human sequences retrieved from GenBank. All primer sequences were compared to the GenBank database using the BLAST program (Altschul et al. 1990 ) to verify that they targeted the correct human gene sequence ( Table 1 ). Synthetic primers were tested in human and Chinese hamster DNA PCR assays to determine that only human DNA was amplified ( Figure 1a ). When primers amplified both human and Chinese hamster DNA producing a PCR product of the same size, primers were redesigned or the PCR products were subjected to RFLP analysis. When primers amplified with no bands or multiple bands, the primers were redesigned. Sequencing PCR products were fluorescently labeled with the ABI Prism Dye terminator cycle sequencing ready reaction kit and analyzed on a model 373 DNA sequencer (Applied Biosystems). Sequences were compared to GenBank sequences via the BESTFIT and GAP programs of the Wisconsin Package (1997).
Polymerase Chain Reaction
Polymerase chain reaction was performed in 96 well plates in a Perkin-Elmer Applied Biosystems model 9600 thermal cycler. Each reaction (10 l) consisted of 50 mM Tris, pH 8.3, 50 mM KCI, 200 M each dNTP, 10 pmoles of each forward and reverse primer, 25 ng DNA, 0.42 units of Taq Gold DNA polymerase (Perkin-Elmer), and the indicated concentration of MgCl 2 ( Table 1). PCR was performed for 35 cycles consisting of 94ЊC for 30 s, 30 s at the indicated annealing temperature, and 72ЊC for 1 min. Reactions were incubated at 94ЊC for 10 min prior to PCR and at 72ЊC for 10 min after PCR.
Gel Electrophoresis and Data Analysis
PCR products were resolved on agarose gels and visualized by staining with ethi-dium bromide. To access reproducibility of the PCR reactions, two sets of reactions were performed for each gene. Gels were scored according to the standards of the Whitehead Institute. Strong bands in both gels for a panel DNA were scored as a 1 while the absence of a band in one gel were scored as a 2. The presence of faint bands in both gels was scored as a 1. If a faint band was present in only one gel, it was scored as a 0. Overall the disparity was not over 1.2%. RH map positions were ascertained by submitting the vector to the Whitehead Institute RH mapping server (Whitehead Institute).
RFLP Analysis
The sizes of the PCR products for human and Chinese hamster DNA of CNTFR and MGF genes were the same. To discriminate between the species their PCR products were screened by digestion with 12 restriction enzymes (AluI, EcoRI, HindIII, HaeIII, MspI, BamHI, HhaI, MboI, PstI, PvuII, RsaI, and TaqI) . Restriction enzyme digestions were performed by diluting the PCR reaction twofold with water, adding an equal volume of 2ϫ reaction buffer and 5-10 units of restriction enzyme, and incubating overnight at 37ЊC or 65ЊC (TaqI). AluI was found to distinguish the PCR products of human and Chinese hamster DNA for CNTFR and MGF. For G4 panel typing, after the PCR procedure, 10 l H 2 O and 20 l 2ϫ reaction buffer and enzyme were added to each well sample of 96 well plates. After adding 20 l light oil to each well, the plate was sealed with a plastic membrane and incubated overnight at 37ЊC.
Database Searches
The RH position of CATS genes mapped in other labs was obtained from the Unigene and Human genome map ( NCBI), and the Whitehead Institute web server. The currently accepted name and human cytogenetic localization for each CATS was obtained from the Genome Database. The name and genetic location for the mouse homologues of CATS was obtained from the Mouse Genome Informatics server of The Jackson Laboratory. Detailed descriptions of genetic mapping data were obtained from the Online Mendelian Inheritance in Man (OMIM) server.
Determination of Map Positions
The map positions of CATS ( Figure 2 ) were determined by the following methods: (1) The RH position for the G4 panel was determined in this laboratory by PCR using primers described in the Table 1 legend. (2) G4 vectors determined in other laboratories were obtained from the Radiation Hybrid Database and RH map positions were determined by submitting these vectors to the Whitehead Institute RH mapping server. (3) RH positions were directly taken from the Whitehead Institute web site. (4) The RH map position was determined from the YAC library ( BellanneChantelot et al. 1992 ) contig data listed on the Whitehead Institute web server. When possible, the RH position of the six nearest markers that flank the marker of interest for which RH data was available were averaged. This averaging procedure minimized the effect of anomalous marker positions. (5) For CATS, for which a position had been determined using the G3 panel (Stewart et al. 1997 ) but was not available by any of the first four methods, the centiMorgan values listed on the NCBI web server were converted to cR3000 by use of a table cross-referencing the centiMorgan position of Genethon markers with the cR3000 position of these markers.
To verify these methods, four markers were mapped by both Whitehead Institute investigators and by our group. Both groups found ACADM to be at 219.21 cR3000 on chromosome 1, using the same primers. We found GBA, VIL1, and MYL4 to be located at 682.57 cR3000 on chromosome 1, 1007.46 cR3000 on chromosome 2, and 357.57 cR3000 on chromosome 17, respectively. The data for these genes mapped by the Whitehead Institute were 682.89 cR3000 on chromosome 1 for GBA, 1009.36 cR3000 on chromosome 2 for VIL1, and 356.75 cR3000 on chromosome 17 for MYL4, using different primers ( Table 1) .
Results and Discussion
Of the original 318 CATS markers with primers designed ( Lyons et al. 1997), 195 have been placed on human physical maps by inclusion in the Stanford, Genethon, Welcome, Sanger, or Whitehead framework maps based on RH or YAC mapping NCBI; Stewart et al. 1997; Whitehead Institute) . To complete the map we designed PCR primers specific for the human sequence versus the Chinese hamster or rodent homologue for the remaining 123 genes. The primers included 20 previously reported CATS primers ) plus 16 primers from the Unigene database ( NCBI). Each primer pair was empirically optimized to amplify human DNA and not the Chinese hamster homologue in pilot experiments ( Figure 1a) ; 71 single PCR products were sequenced and each correctly matched the primer derivative gene in a GenBank Blast search (Altshul et al. 1990) . RH DNA samples from the Genebridge 4-RH (G4) panel (N ϭ 93) were tested in duplicate for all markers ( Figure 1b) , scored, and analyzed for map position according to the Whitehead Institute RH program. A total of 119 of the CATS markers were typed and scored successfully. Fourteen original CATS markers failed for technical reasons; of these, 4 were dropped (MYH2, MY05A/MYH12, SRY, and ASS) and 10 (GHR, KRAS2, GJB2, MANA1, PKM2, CRY-BA1, P4HB, ADRBK2, NEFH, and G6PD) were replaced with other coding gene homologues with identical or near-identical human cytogenetic positions (PRLR, PTHLH, SAP18, SNRPN, PML, PMP22, ITGB4, HIRA, TCN2, and RENBP, respectively) .
An integrated RH map of 314 human homologues (120 new and 194 previously mapped) plus their cytogenetic position are presented in Figure 2 . All markers except two (CPY11B1 and CHRNG) were mapped to a human chromosomal position that was consistent with their cytogenetic location. CYP11B1 is reported to be localized to chromosome 8q21 (Genome Database) while the RH data places it in a more telomeric location on 8q ( Figure 2) . Since the DNA sequence of CYP11B1 primer PCR product confirmed our detection of the correct orthologue, we suggest that the cytogenetic result may be incorrect. For CHRNG, two cytogenetic locations (2q21.1-q21.3 and 2q32-qter) disagree, while the RH data affirm a more telomeric position ( Figure 2) .
The human map of CATS spans a total length of 3700 cM or 12,954 cR over 23 chromosomes for an average density of 11.8 cM or 41.3 cR. A chromosome listing of length, number of markers, and average and maximum cR distance between markers is presented in Table 2 . Maximal cR distance was 262 cR on chromosome 6 and in most cases (78%) the maximal distance between markers was the region including the centromere (for metacentric chromosomes 1-12, see Table 2 ).
A comparison of human CATS marker order with the order of homologous loci in mouse is illustrated in Figure 2 and tabulated in Table 2 . A total of 83 chromosome segments conserved between human and mouse are resolved in Figure 2 . Although there are notable exceptions, the general rule is conservation of gene order between human and mouse among the conserved segments with three or more . ϩ indicates that the primer sequences were taken from the Unigene database ( NCBI). PCR products for CNTFR and MGF genes were digested by AluI before agarose gel electrophoresis. The condition for IL8 was according to Modi and Chen (1998). homologous markers (N ϭ 46). With the exception of human chromosomes 5, 7, and X, most human chromosome alignments are characterized by retained order between the two species. Within the chromosomes (excluding 5, 7, and X) only five cases of multiple markers are discordant between the species ( human chromosomes 3, 6, 9, two pairs, and 15). Thus we can conclude that conservation of syntenic segments between mouse and human is common, but that inversion-mediated rearrangements between the two species is sufficiently infrequent to be resolved by moderate resolution comparisons of chromosome homologues. Thirty-two single gene positions are inconsistent with the order in mouse versus human (again excluding chromosomes 5, 7, and X). It is difficult to estimate how many of these reflect small genome rearrangements versus mapping errors. Because of this concern we emphasize exceptions to gene order where two or more linked markers in one species are also linked in the other but in a different position (see above). The comparison of CATS marker positions in human and mouse genomes provides a valuable link to mapping efforts in other species. Homologous CATS markers are presently being mapped as syntenic, linkage and radiation hybrid maps of several domestic species (Andersson 1997; Archibald et al. 1995; Bailey et al. 1995; de Gortari et al. 1998; Langston et al. 1997; Mellersh et al. 1997; O'Brien et al. 1997; Riggs et al. 1997; Tate et al. 1995; . As the density of human and mouse maps increase, the assemblage of genes will provide direct access to identification of gene candidates that would be responsible for phenotypic differences in model species. The immediate application is tracking and identifying the genomic diversity already described in veterinary and mammalogy applications and the promise to interpret human genomic organization in the context of the genome adaptations of ancestral species of mammals.
After the submission of this manuscript, Deloukas et al. (1998) published a radiation hybrid map of 30,181 human gene-based markers designated Genemap98, including 93 of the CATS loci mapped here. In every case the position of our mapping reported here was in agreement with Deloukas et al. (1998) . Twenty-seven genes not mapped by their consortium were ADRA2A, AMBP, AMY2A, BLK, CDH2, CHRNG, CNTFR, COL6A1, CYP11B1, DBH, DCC, EN2, GNA11, GNB2, GZMA(CTLA3) The asterisk indicates the PCR product was sequenced and correctly matched the human gene from which the primer was designed after a BLAST search (Altschul et al. 1990 ). For the mouse, SYN indicates that the gene is syntenic with linked markers but that centiMorgan positions are not available from the Jackson Laboratory Mouse Genome Infor- Figure 2 . Continued. matics web server. RH position for IL8 on chromosome 4 was according to Modi and Chen (1998) . Colored genes were human RH map exceptions to mouse gene orders. The mouse X chromosome segments (N ϭ 6 ordered segments) were arranged according to homology to human X order after Seldin and DeBry and Seldin (1996) . 
